 Absorption of edge dislocations in tilt grain boundaries (GBs) was studied by atomistic simulations in Al. The process of accommodation of dislocations in GBs and their evolution were analyzed based on atom rearrangement in GBs. It shows that the absorption is realized through both atom motion along the GB which is in perpendicular to the slip plane and structural neutralization of the dislocation core with the local GB core.
INTRODUCTION
The interaction between grain boundaries (GBs) and lattice dislocations is important to control mechanical properties of materials. GBs are known as dislocation barriers, sinks, and sources [1] . Since the outcomes of the interaction between dislocations and GBs are not unique, the interaction mechanism is still poorly understood. In nanocrystals GBs are main dislocation sources, they are also the main sinks of dislocations [2, 3] . Though dislocation transmission through GBs is possible for coherent GBs or in the condition of dislocation pile-ups in general GBs, dislocation absorption in GBs is always a main outcome of dislocations coming to GBs. While the kinetics of the absorption are well attributed to GB diffusion, the process is still poorly understood. There are a few models in explaining the process of absorption of lattice dislocations in GBs as summarized by Priester [4] , including the dissociation model, the delocalization model, the incorporation model and the liquid-like model.
In the dissociation model [5, 6] , the absorbed dislocation dissociates into segmental dislocations regularly spaced along the GB. The dissociation model has been questioned by HREM experiments in an asymmetrical tilt GB where the absorbed dislocation does not split into infinitesimal products. In the delocalization model [7] , the absorbed dislocation breaks into a sessile disconnection and a glissile GB dislocation which moves away from the absorption site along the GB. While this model works with symmetrical tilt GBs, the generalization of the delocalization model to vicinal and general GBs is still a problem. In the incorporation model [4] While these models can explain certain problems separately, they are very different with each other. There is still much work to do for a model to generally answer various absorption problems. To clarify current models and to understand the absorption mechanism further, the absorption process at atomic level is needed which can be provided by HRTEM observations or atomistic simulations. This paper aims at the mechanism of dislocation absorption in GBs by atomistic simulations.
SIMULATION METHOD
EAM potential for Al was applied. Bicrystals were used in the simulation. Dislocations were created in one grain and moved to the GB under applied shear strain. Two <112> tilt GBs were used in our simulation, a 21 symmetrical tilt GB and an asymmetrical tilt GB. The orientation of the grains are shown in Fig. 1 and Fig. 2 . Periodic boundary condition was used in the tilt direction (z) and the system size in this direction was about 0.5 nm. For the symmetrical GB simulation, fixed boundary conditions were used in x and y directions where atom motion was prescribed in a few of outmost layers through which loading was applied. Simple shear strain  yx was applied in small steps to drive lattice dislocations to GBs. After each strain step, the system was relaxed to 0 K. For the asymmetrical GB simulation, fixed boundary condition was used in x direction and periodic boundary condition was used in the y direction. Simple shear strain  xy was applied in small steps. The simulation was conducted at 100 K. Details of the simulation method can be found at [9] [10] [11] .
RESULTS
In a pile-up of two lattice dislocations against a 21 symmetrical tilt GB, the first dislocation is absorbed into the GB at an applied strain of 2%. Looking from outside the GB, there is no significant dislocation distribution after the absorption, as characterized by the Burgers vector density of dislocations. Looking from inside the GB, the atom rearrangement gives the process of dislocation absorption, as shown in Fig. 1 . The absorption of the lattice dislocation in an asymmetrical tilt GB is investigated. The dislocation is absorbed into the GB at a small applied strain of 0.3%. The absorption process is shown in Fig. 2 . After absorption, the system is sheared. Along shear deformation, GB sliding occurs as shown in Fig. 2 . During sliding, the self-annihilation of the core of the absorbed dislocation occurs.
Based on the simulation results, the atomic mechanisms of dislocation absorption are drawn schematically in Fig. 3 to manifest the change of dislocation cores. The absorption is realized through atom rearrangement inside GBs. While atom motion perpendicular to the slip plane is impossible in grain interiors, it is possible at the existence of GBs. In other words, the absorption is a switch from lattice deformation to GB-mediated deformation realized through atom motion along GBs. Based on our previous and current atomistic simulations, atom rearrangements are classified in three types and may not be restricted to three. Firstly, the example in Fig. 1 shows dislocation absorption through dissociation of the core into smaller discrete ones by motion of atoms perpendicular to the slip plane in the GB. This kind of absorption mechanism can also be found in our previous simulations [10, 11] . Secondly, the example in Fig. 2 shows the dislocation absorption through dispersion of the core by GB sliding. With atom motion from the compressive part of the core towards the tensile part, self-annihilation of the dislocation core occurs and makes the absorption. Thirdly, while the local structure of GBs is neglected in the two mechanisms, our previous simulation shows examples of dislocation absorption by interaction with local GB structures [9, 11] . Except coherent GBs, atoms inside GBs are either in high compressive or in high tensile stress field depending on the local GB structures where atom distances are not equally distributed. Absorption is possible through neutralization of the stress fields between the dislocation core and the local GB core. We should note that these three mechanisms always co-exist in one absorption process and atom shuffle may not be only restricted in a few atomic distances especially with the aid of temperatures. Though self-annihilation or dispersion of the dislocation core occurs after absorption, the overall Burgers vector of the dislocation does not disappear and its stress field outside the core still exists, the disappearance of which needs further GB deformation processes.
To prevent dislocation absorption, i.e. to facilitate dislocation transmission, it requires that the GB structure does not neutralize the dislocation core. Coherent GBs meet this requirement, through which dislocation transmission is possible [9, 12] . The local GB structure may otherwise strengthen the dislocation core structure, through which dislocation transmission may be possible if further atom motion is not along the GB but is into the grain interior. Otherwise, dislocation absorption still follows. While atom motion is dependent on the specific local GB structures, the prediction of dislocation transmission/absorption can not be generally made. This adds difficulty to predict the outcome of dislocation interaction with GBs.
DISCUSSIONS
The suggested mechanisms of dislocation absorption in GBs are based on the absorption processes investigated in our atomistic simulations. The absorption mechanisms are focused on the cores of dislocations and GBs at low temperatures. They are therefore short-ranged to a few atomic distances. These are different with the dissociation model which relies on GB diffusion along the whole GB length and the delocalization model. These are similar to the liquid-like model, where GBs are of course not treated as a liquid phase without incoming dislocations. Only when the incoming dislocation carries a stress singularity, the GB is excited to behave as a liquid which has the capacity to absorb dislocations. The active atom rearrangement inside GBs is the main feature of dislocation absorption, which may not need high thermal activations since dislocations carry high stress singularities.
In our simulation, only edge dislocation is studied, though it splits into two Schockley partial dislocations which are individually mixed dislocations with a majority of edge component. It is important to study further the absorption of screw dislocations in GBs. Furthermore, to generalize the mechanism, general GBs should be studied, which have mixed tilt and twist characters. It has been shown in atomistic simulations and HRTEM observations that general GBs are not highly disordered or amorphous at atomic scale [13, 14] . We expect that the mechanism is applicable to general GBs because the local structures of general GBs are not very different with the tilt GBs studied here.
CONCLUSION
Absorption of lattice dislocations is realized through atom rearrangement inside the dislocation core at GBs. As the dislocation core is located in GBs, atom motion along the GB which is perpendicular to the slip plane destroys the dislocation core and makes the absorption. This kind of motion is hard in lattices but it is greatly facilitated in GBs. Besides the atom motion along GBs, neutralization of the structure of the dislocation core with the local GB structure can also make dislocation absorption because of the non-uniform atomic structures of GBs.
